Over the past decade, Airy beams have been the subject of extensive research, leading to new physical insights and various applications. In this letter, we extend the concept of Airy beams to the quantum domain. We generate entangled photons in a superposition of two-photon Airy states via spontaneous parametric down conversion, pumped by a classical Airy beam. We show that the entangled Airy photons preserve the intriguing properties of classical Airy beams, such as free acceleration and reduced diffraction, while exhibiting non-classical anti-correlations. arXiv:1909.10026v1 [physics.optics] 
Airy wave packets, first described by Berry and Balazs in 1979, are free particle solutions to Schrodinger equation that exhibit unique features such as free acceleration and zero diffraction [1] . Despite their intriguing properties, Airy wave packets are impossible to realize experimentally since they carry an infinite amount of energy. Almost three decades after their discovery, an approximate solution was suggested in the context of optics, exhibiting quasi-nondiffracting properties [2] . This solution of the paraxial wave equation, coined Airy beam, shows almost the same remarkable properties as Airy wave packets, such as free acceleration and self healing, while requiring only finite energy [2] [3] [4] . Since their first experimental observation over a decade ago using linear optics [3] , Airy beams have been demonstrated in various platforms, ranging from nonlinear optics [5, 6] to free electrons [7] and surface plasmons [8, 9] . Following these demonstrations, the unique properties of Airy beams have been utilized in practical applications such as super resolution imaging [10] , micro-manipulation of particles [11] , and the generation of curved plasma channels [12] . Recently, single photon Airy beams have been demonstrated as well [13] .
In this letter, we extend Airy beams to the quantum domain by demonstrating entangled Airy photons. We create highly entangled photons via Spontaneous Parametric Down Conversion (SPDC) by pumping a nonlinear crystal with a classical laser (coined pump beam). By carefully tailoring the shape of the pump beam, we create spatially entangled photons exhibiting Airy shaped quantum correlations, which are not manifested in the distribution of the individual photons. We study the properties of the entangled Airy photons, showing they exhibit the celebrated non-diffracting and free acceleration properties of classical Airy beams, while maintaining their quantum anti-correlated nature.
Classically, a finite energy Airy beam is described by an electrical field envelope of the form Ai(s)exp(as), where Ai() is the Airy function, s is a dimensionless coordinate and a is a small positive parameter ensuring that the beam carries finite energy [2] . Interestingly, the angular spectrum of the finite energy Airy beam consists of a Gaussian beam modulated by a cubic phase mask, making the experimental realization of such beams relatively simple [3] .
The quantum state of the two entangled photons created in the SPDC process, is given in terms of their transverse wavevector components at the crystal plane q s and q i by
Here, a † (q) is the creation operator of a photon with a transverse momentum q, |0 is the vacuum state, and the signal and idler photons have the same frequency and polarization. In the thin crystal regime, the two-photon amplitude ψ(q s , q i ) can be expressed in terms of the angular spectrum of the pump beam v(q) [14, 15] ,
Therefore, manipulating the shape of the classical pump beam facilitates control over the twophoton spatial correlations. This interesting correspondence between the entangled photons and the pump beam has been used in various application, such as the generation of maximally entangled orbital angular momentum (OAM) states [16] [17] [18] , cancelling the scattering of entangled photons in real time [19] and for controlling the spatial coherence of entangled states [20, 21] .
Here, we exploit this remarkable fact to generate entangled photons with Airy quantum correlations, by pumping the SPDC process using a classical Gaussian beam with a cubic phase pattern, having angular spectrum of the form v(q) = Ai(s)exp(as), where s = q/q 0 is a dimensionless coordinate and q is the transverse component of the pump wavevector. The experimental setup is presented in Fig.1 . We use a spatial light modulator (SLM) to apply the cubic phase mask onto the Gaussian pump beam ( Fig.1a,b ). The pump beam profile at the SLM plane is imaged onto a 2mm-thick nonlinear crystal (PPKTP), creating spatially entangled photons via SPDC. To measure the quantum correlations between the entangled photons at the far-field, the pump beam is first separated from the entangled pairs using a dichroic mirror, and sent to a camera. The entangled pairs are measured at the far-field of the crystal by using two single photon detectors and a coincidence detection circuit. Since the angular spectrum of the pump beam, v(q), is given by the Fourier transform of the pump profile at the crystal plane, we get from Eq.1 that the quantum two-photon amplitude of the entangled photons is given by ψ(q s , q i ) = Ai qs+q i q 0 exp a qs+q i q 0 . Therefore, the coincidence pattern at the far-field exhibit an Airy pattern,
,where x i , x s , x 0 are the far-field coordinates corresponding to q i , q s , q 0 , respectively. In our experimental setup, a = 0.1 and x 0 = 175µm. The pump beam far-field intensity profile is presented in Fig.2a , exhibiting the desired Airy pattern. As predicted, the measured coincidence pattern of the entangled photons at the farfield follows the same Airy pattern as the pump beam, up to a scaling factor of two, due to the different wavelengths ( Fig.2b) . Interestingly, the single photon distribution is homogeneous and does not exhibit an Airy beam distribution. Only upon detection of one photon, its twin photon collapses to an Airy beam (Fig.2b) .
One of the remarkable features of classical Airy beams is their accelerating, non-diffracting, propagation. According to Ehrenfest's theorem, in the absence of any external potentials, the center of mass of an optical beam must be preserved so that the beam propagates in a straight line. However, this restriction does not hold for the local features of the beam, allowing the free transverse acceleration of the local maxima of Airy beams [2, 3, 22, 23] . The intensity profile of a classical Airy beam after propagating a distance ξ p = z kpx 0p 2 , where k p is the wavenumber and z is the propagation distance, is given by Ai(s − (ξ p /2) 2 + iaξ p )exp(as − aξ 2 p /2) . For the entangled Airy photons, the propagation distances of both the signal and the idler photons, z s and z i , must be taken into account, yielding an effective two-photon propagation governed by ξ s,i = zs+z i kx 0 2 (see supplementary),
(2)
.
To study the propagation of the entangled Airy photons, we add a quadratic phase with a computer-controlled amplitude onto the SLM (Fig.1c) , which is equivalent to free space propagation at the far-field [24] (see supplementary). Remarkably, both the classical Airy beam (Fig.2c ) and the entangled Airy photons (Fig.2d ) exhibit negligible diffraction even after a significant propagation distance, ξ = 3. The single counts distribution is unaffected by the propagation (Fig.2d ). Figure 2 : Entangled Airy photons. The pump beam exhibits the desired Airy pattern at the far-field (a). The quantum correlations between the generated entangled photons show an Airy pattern as well, stretched by a factor of two due to the different wavelengths (b, blue curve). The Airy pattern is not manifested in the single photon distribution (b, grey curve). The same measurements are repeated for an emulated propagation distance of ξ = 3 by adding a quadratic phase function to the SLM. Both the classical pump Airy beam (c) and the Airy entangled photons (d) exhibit negligible diffraction. The Airy pattern is not visible in the single photon distribution also after the propagation.
Thanks to the correspondence between the classical Airy beam and the entangled Airy photons described by Eq.2, the same parabolic trajectory discussed above of the classical Airy beam is expected from the quantum correlations between the photons. The parabolic trajectory of the entangled Airy photons will thus be a function of the two-photon propagation, given by
. Fig.3a,b presents the evolution of the correlations between the entangled photons and the intensity of the pump beam during propagation. The dynamics of the entangled Airy photons is strikingly similar to that of the classical Airy beam. The theoretical parabolic trajectory of the main lobe is presented by a black dashed line, showing good agreement with the experimental results. Finally, we demonstrate the anti-correlated nature of the entangled Airy photons. The structure of the quantum correlations, obtained in Eq.2, depends only on the sum of the two photons coordinates, i.e. C(x s , x i , ξ s,i ) = C(x s + x i , ξ s,i ). Therefore, when the stationary heralding detector (idler photon) is shifted along the transverse direction, the Airy distribution that the signal photon collapses to is shifted in the opposite direction. Indeed, we observe that the measured coincidence pattern follows the same parabolic trajectory as before (black dashed line), only with an additional constant shift (Fig.3c) .
In conclusion, we utilized the unique correspondence between the pump intensity and the entangled photons correlations to generate entangled Airy photons. The spatially entangled Airy photons were shown to have equivalent properties to classical Airy beams, such as free acceleration and negligible diffraction over large propagation distances. In addition, we have shown that the entangled Airy photons posses distinct quantum features, i.e. they are anticorrelated at the far-field and their Airy shape is only revealed in the quantum correlations and not in the single photon distribution.
We expect spatially entangled Airy photons to benefit future imaging techniques by combining the weak diffraction of Airy beams together with the spatial correlations of quantum illumination [10, 25] . In addition, quantum technologies in which the photons are sent over long propagation distances, such as free-space quantum key distribution (QKD) [26] , could benefit from the reduced diffraction of the Airy photons as well [27, 28] .
, where k p is the wavenumber of the pump beam. Thus, by looking at z s + z i as an effective two-photon propagation distance, we notice that the result for the entangled photons is equivalent to the classical result, thus leading us to the definition of ξ s,i given in the main text. One unexpected result from this relation is that moving one of the single photon detectors forwards and the other one backwards by the same amount will not affect the measured correlations. In addition, the expressions obtained here for the coincidence and intensity patterns directly shows that the propagation of the entangled photons and the pump beam are equivalent to the addition of quadratic phase with a coefficient − k(zs+z i ) 2f and − kpz 2f in the crystal plane, respectively. We can therefore emulate propagation by utilizing the SLM for applying quadratic phase with a variable curvature.
